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Abstract 
An increasing recognition of tillage erosion processes has shown that soil redistribution by tillage directly contributes 
to soil loss in mechanically and nonmechanically agricultural areas worldwide. Soil translocation by tillage is 
normally measured by means of tracers, with which a volume of soil is labelled, and therefore yielding tillage erosion 
rates in a field. Two tracer methods for estimating tillage erosion rates were appraised to examine the application 
adaption to local conditions in the hilly areas, southwestern China, in terms of the accuracy, measurement sensitivity, 
manipulation facility, and time cost. The two tracer methods had a similar measurement accuracy of soil translocation. 
However, for the magnetic tracer method the result of tracer distribution after tillage was immediately obtained in the 
field, while there was a need to do a follow-up indoor determination for the stone chip method. The magnetic tracer 
method only required collecting a small volume of soil samples, while a large quantity of soil (i.e. all the soils into 
which tracers possibly redistributed) was collected to recover all the stone chips from tilled soils. As a result, the 
magnetic tracer method would be much time saving compared to the stone chip method. It is suggested that the 
magnetic tracer method would rather be used when there are large quantities of sampling plots to be measured on 
steep hillslopes of the hilly areas where hoeing tillage is practiced.  
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1. Introduction
It was only in the 1980s and early 1990s that the first attempts were made to make a systematic study of 
tillage translocation and erosion [1]. Over the last two decades numerous studies demonstrated that tillage 
erosion plays an important role in the redistribution of soil within hillslope landscapes [2-14]. Tillage 
results in soil loss in convex upper slope positions and soil accumulation in concave lower slope positions 
in a topographically complex landscape  [2,15-18], while a number of studies reported that tillage produced 
the progressive downslope movement of soil in linear steep slope landscapes [8, 9, 19, 20]. Tillage 
translocation, defined as the transport and resultant displacement of soil by tillage [1], is normally 
measured with a tracer method, i.e. a volume of soil is labelled and tilled, and then changes in tracer 
concentrations before and after tillage are used to calculate soil translocation. In the case of radiocaesium 
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application, there are radioactive hazards both to operators and land-users, and it represents a significant 
outlay in terms of fieldwork and gamma detector time [21]. As a result, physical methods exhibit an 
advantage of environmental and human safety. In the past, there were two methods of measuring soil 
translocation including the plot-tracers [9, 13], and the metal cubes [15], in which the stone chip or metal 
cubes were used as the tracer. Recently, a magnetic tracer method has been developed, in which the 
magnetic material was used as the tracer [22].  
The objective of this study was to compare the accuracy of the measured results, measurement 
sensitivity, manipulation facility between the magnetic tracer and stone chip tracer methods. Previous 
published data were used to analyze differences between the two methods. 
2. Materials and Methods 
2.1 Experimental procedure 
Tillage experiments were conducted in a Regosol with steep hillslopes in Southwestern China. Nine 
sloping terraces with slope gradients of 0.08-0.65 m m-1 were selected as experimental sites where the 
magnetic tracer method was used, and 16 plots were established with slope gradients of 0.04-0.43 m m-1 
for the stone chip tracer method (Table I). Slope gradients and slope length were measured at each site. 
Core (100 cm3) samples were collected with 6 replicates for each plot prior to the plot establishment to 
determine soil bulk density.  
When the magnetic tracer method was used to measure soil translocation, the magnetic tracer derived 
from the residues of brick and tile kilns, consisting of calcined soil and coal, had a density of 2370 kg m-3. 
For the stone chip tracer method, a plot of soil was labelled with stone chips in a shape of cubiod, which 
were made of white (completely different from soil color that is purple) rock fragments 3-4×3-4×1.5-2.0 
mm3 in size, with a density of 2650 kg m-3. Two kinds of tracers approximated the density of the soil, 
producing an identical behavior of the soil. A plot was set up perpendicular to the direction of tillage in 
1.00 m long, 0.20 m wide, and the till layer thickness. The soil from each plot was excavated and part of 
the soil was replaced by an equivalent volume of tracer with an even mixture. After tillage the soil was 
sampled in 0.10 m thick slices and measured, from the baseline position of the plot in the direction of 
tillage to the farthest distance of tracer distribution. The magnetic tracer method had a 0.20-m breadth of 
sampling slices, while this value was at least 1.0 m for the stone chip tracer method to completely recover 
stone chip tracers from the soil. For the latter, each slice sample was sieved through a 3 mm-mesh sieve 
and all stone chip tracers were collected. The stone chip tracers were then washed to remove soil on its 
surface, and dried at 60 °C for 4-5 hours and weighed. However, the slice sample was directly detected 
using a magnetometer, while using the magnetic tracer method. The experimental methods were described 
in detail by Zhang et al. [9, 13]. 
2.2 B． Data calculation 
Soil translocation by tillage was estimated by measuring the distribution of tracer (magnetic material or 
stone chip) along the transect of tilled hillslopes after tillage. Using the Summation-Curve Method [23], 
mean displacement distance of soil on hillslopes was calculated by:   
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where Dd is the mean soil displacement distance (m) past the start of the plot (x=0), C(x) the measured 
magnetic strength (×10-5 SI) / or the recovered weight of the stone chip tracer (kg) after tillage, C0 the 
initial magnetic strength (×10-5 SI) / or the initial weight of the stone chip tracer (kg) in the labelled plot 
before tillage, and L the maximum distance of sampling (m).  
The amount of soil translocation was obtained by relating slope gradients through a linear regression, 
expressed as:  
SkkQs 43 +=                                                                       (2) 
where Qs is the soil flux due to tillage (kg m-1 tillage pass-1), S is the slope gradient (m m-1), k3 and k4 are 
the tillage transport coefficients (kg m-1 tillage pass-1). Tillage transport coefficients can be determined by:  
13 kDk btρ=                                                                           (3) 
24 kDk btρ=                                                                           (4) 
where Dt is the depth of till layer (m), b
ρ is soil bulk density (kg m-3), and k1 and k2 are the 
displacement distance coefficients (m). Displacement distance coefficients derived from the regression 
equation between displacement distance and slope gradient are expressed as follows: 
SkkDd 21 +=                                                                          (5) 
3. Results 
3.1 Tracer displacement distance and distribution  
For the two methods, mean displacement distance averaged 0.33 m and 0.22 m at a mean slope gradient 
of 0.35 m m-1 and 0.23 m m-1, respectively. Mean maximum displacement distance of tracer distribution 
was measured to be 0.95 m and 1.03 m, for the magnetic tracer and stone chip tracer methods, respectively, 
suggesting that the magnetic tracer method exhibits a smaller maximum displacement distance of tracer 
distribution than the stone chip tracer method (Table I). Changes in mean maximum displacement distance 
with slope gradient did not show the same trend to the changes in mean displacement distance with slope 
gradient between the two methods, indicating that the magnetic tracer method is less sensitive to the end 
position of slice samples with magnetic tracer. 
Table I．Displacement Distance of Tracer Distribution 
Item 
Slope gradient 
(m m-1) 
Maximum 
displacement 
distance (m) 
Mean 
displacement 
distance (m) 
Magnetic tracer
Range 0.08-0.65 0.45-1.35 0.15-0.42 
Mean 0.35 0.95 0.33
CV(%) 51.63 30.23 29.94
Stone chip tracer
Range 0.04-0.43 0.75-1.45 0.13-0.39 
Mean 0.23 1.03 0.22
CV(%) 52.09 20.41 34.01
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3.2 Displacement distance coefficients and tillage transport coefficients 
Mean displacement distance was highly correlated with slope gradient (P<0.001) in both cases of tracer 
application (r=0.91 and 0.80, respectively, for the magnetic tracer and stone chip tracer methods). 
Regression equations of the two are found to be remarkably similar (Table II). The displacement distance 
coefficient k1 (0.1539) for the magnetic tracer method is greater than that (0.1066) for the stone chip tracer 
method, while there is a very similar k2 between the two methods (0.4954 and 0.4902, respectively) (Table 
II). The difference in k1 values is attributed to different tillage depths for the two methods (see the 
discussion below). As a result, the two methods provided an efficient verification for each other, 
suggesting that both methods have a similar accuracy of soil translocation measurement. 
Table II. Displacement Distance Coefficients and Tillage Transport Coefficients of the Magnetic Tracer and Stone Chip Tracer 
Methods 
Method 
Displacement distance coefficient (m) Tillage transport coefficient 
(kg m-1 tillage pass-1) 
k1 k2 k3 k4 
Magnetic tracer 0.1539 0.4954 36.79 118.44 
Stone chip tracer 0.1066 0.4902 30.72 141.28 
Tillage transport coefficients k3 and k4 were calculated as 36.79 and 118.44 kg m-1 tillage pass-1, 
respectively, for the magnetic tracer method, and 30.72 and 141.28 kg m-1 tillage pass-1, respectively, for 
the stone chip tracer method. Differences in k3 and k4 values between both methods could be explained by 
tillage displacement coefficient k1 and tillage depth. The k3 value increases with increasing k1 value, which 
is higher for the magnetic tracer method, thus resulting in a higher k3 value than the stone chip tracer 
method. This implies that the magnetic tracer method created a greater sill value of tillage translocation 
than the stone chip tracer method, which would result from the shorter distance of the magnetic tracer 
distribution. In other words, at the end position of magnetic tracer distribution after tillage, measurement 
susceptibility to samples was not as strong as stone chip tracer in the case of low levels of magnetic tracers. 
A smaller tillage depth would produce a lower k4 value for the magnetic tracer method, as k4 value is 
positively proportional to tillage depth (see Eq. 4). 
3.3 Measurement facility and cost-benefit  
For the stone chip method, each slice sample with a volume of at least 1.00 m (length)×0.10 m 
(width)×tillage depth (m) was sieved through a 3 mm-mesh sieve and all stone chip tracers were collected. 
Furthermore, the stone chip tracers have to be washed to remove soil on their surface, and be dried at 60 °C 
for 4-5 hours [9]. In the case of the magnetic tracer method, only a volume of 0.20 m×0.10 m×tillage depth 
(m) was required to measure the tracer concentration of each slice sample [22]. As a result, the magnetic 
tracer method had a reduction of at least 80% soil volume required for determining tracer redistribution 
after tillage, compared to the stone chip method. In addition, such measurement procedures as sieving, 
separating, washing, and drying were not required for the magnetic tracer method, thus further diminishing 
measurement work load and saving much more time. 
4. Discussion 
4.1 Result similarity  
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The displacement distance coefficient k1 (0.1539) for the magnetic tracer method is found to be greater 
than that (0.1066) for the stone chip tracer method (Table III), while there is a very similar k2 between the 
two methods (0.4954 and 0.4902, respectively). This is attributed to some differences in tillage depth and 
tillage procedure between the two tillage measures. On the one hand, a smaller tillage depth (mean: 17 cm) 
was observed for the experiment conducted by the magnetic tracer method than that by the stone chip 
tracer method (mean: 22 cm; see Table III), resulting in a larger mean displacement distance than that by 
the stone chip tracer method. A similar result was observed by Van Muysen et al. [17], who indicated that 
mean displacement distance was negatively correlated with tillage depth. On the other hand, in this area the 
tillage operator added an additional procedure in which land surface was smoothened in the downslope 
direction, resulting in an increase in soil displacement distance. 
Table III. Tillage Depths and Soil Bulk Densities of the Magnetic Tracer and Stone Chip Tracer Methods 
Method 
Tillage depth (m) Bulk density (kg m-3) 
Range Mean Range Mean 
Magnetic tracer  0.19-0.24 0.22 1310-1563 1391 
Stone chip tracer 0.14-0.21 0.17 1185-1484 1310 
Compared to the stone chip tracer method, the magnetic tracer method exhibited a similar k3 value but a 
smaller k4 value. The relatively low k4 is mainly attributed to smaller tillage depth under the magnetic 
tracer method than under the stone chip tracer method. Tillage transport coefficient k4 for the magnetic 
tracer method is close to that found in Thailand, Tanzania, and Lesotho where a similar non-mechanized 
tillage was practiced [5].  
4.2 Measurement sensitivity  
At the end position of magnetic tracer distribution after tillage, measurement susceptibility to samples 
was not as strong as stone chip tracer in the case of low levels of magnetic tracer. However, this drawback 
can be resolved by increasing the concentration of magnetic tracer within the labeled plot. In addition, 
sampling depth after tillage pass must be fixed to tillage depth and remains the same for each sampling 
slice during the whole course of sampling. The magnetic tracer in the vertical direction was not evenly 
mixed with the soil outside the labeled plot by tillage operation, resulting in the fact that the tracer was 
dominantly distributed at the lower part of the till layer within the original labelled plot and at the upper 
part of the till layer outside the original labeled plot. If sampling depth is larger or smaller than the 
practical tillage depth outside of the labeled plot, the magnetic strength of samples would be smaller or 
larger than the true strength due to dilution effect, leading to underestimated or overestimated soil 
translocation rates.  
4.3 Operation facility and time consumption 
For the stone chip tracer method, in order to obtain a maximum rate of tracer recovery all the soil that 
maybe contains tracers has to be collected in thin slices, from the baseline position of the plot in the 
direction of tillage to the farthest distance of tracer distribution. Furthermore, the process of separating 
tracers from soil was also markedly time consuming due to a large volume of soil samples. Compared to 
the stone chip method [9, 13], the magnetic tracer method had an advantage of small sampling amount 
(with a reduction of at least 80% as mentioned in the preceding text), showing that the magnetic tracer 
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method is characterized by a quick and convenient measurement of tillage translocation. Meanwhile, 
magnetic tracer concentrations were able to be immediately detected after tillage operation in outdoor 
conditions. In addition, the magnetic tracer method only required a field manipulation to complete the 
whole determination procedure. However, the stone chip tracer method included an additional laboratory 
determination which needs an electric drying oven and electronic scale to weigh stone chips recovered 
from each slice sample. Those of the magnetic tracer method resulted in a remarkable time saving. 
5. Conclusions 
The two tracer methods had a similar measurement accuracy of soil translocation. However, for the 
magnetic tracer method, the result of tracer distribution after tillage was immediately obtained in the field, 
while there was a need to do a follow-up indoor determination for the stone chip method. The magnetic 
tracer method only required collecting a small volume of soil samples, while a large quantity of soil (i.e. all 
the soils into which tracers possibly redistributed) was collected to recover all the stone chips from tilled 
soils. As a result, the magnetic tracer method would be much time saving compared to the stone chip 
method. However, at the end position of magnetic tracer distribution after tillage, measurement 
susceptibility to samples was not as strong as stone chip tracer in the case of low levels of magnetic tracers. 
It is suggested that the magnetic tracer method would rather be used when there are large quantities of 
sampling plots to be measured on steep hillslopes of the hilly areas where hoeing tillage is practiced. 
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